Japan. Finland is currently growing reed canarygrass for bioenergy production and paper pulp production. In 2008, 20,000 ha of reed canarygrass were under cultivation in the Ostrobothnia region (Lötjönen, 2008) .
Reed canarygrass forms deep and dense root systems that make it valuable for soil erosion control, particularly in wet areas (Carlson et al., 1996) . It has been shown to grow well in areas with low fertility and poor soil quality, enabling its successful establishment on degraded areas such as surfaced-mined soils (Evanylo et al., 2005) . It is efficient at capturing N and could be used as a buffer crop or sponge crop to reduce nutrient leaching and runoff from sources such as manure and fertilizer applications, municipal wastewater effluent, or sewage sludge (Giggey et al., 1989; Marten et al., 1979; Partala et al., 2001) . Reed canarygrass can also serve as valuable wildlife habitat, particularly for nesting birds and small mammals (Camp and Best, 1994; Semere and Slater, 2007) .
Despite its potential as a biofuel crop, reed canarygrass germplasm has not been evaluated to assess its potential as a feedstock. In the United States, all breeding to date has focused on forage traits-palatability, seed retention, disease resistance, persistence, and leafiness (Carlson et al., 1996) . Maximum biomass per se has not been evaluated in available germplasm, and high yielding germplasm with poor nutritive value may have been overlooked in previous evaluations.
Breeding and evaluation of reed canarygrass germplasm for bioenergy and research on improved harvest schemes that maximize the bioenergy potential of the crop have been undertaken to a limited extent in Sweden, Finland, and England. In Finland, local, unimproved reed canarygrass germplasm was found to have relatively high lignocellulose levels and high biomass yields and could be valuable, when used in a breeding program along with existing cultivars, for bioenergy cultivar development (Sahramaa, 2003) . Swedish studies showed that early spring harvest of an over-wintered, senesced crop resulted in lower levels of undesirable mineral elements within the biomass, improved dry matter content, a greater proportion of nutrients from the plant recycled back into the soil, and easier and cheaper biomass storage, although yields were lower than autumn harvested reed canarygrass (Landström et al., 1996) . In England similar results were found-delayed harvest reduced undesirable elements but also reduced biomass yields (Christian et al., 2006) . Our experience with overwintered biomass in the upper midwestern United States confirmed the improved elemental composition seen in other experiments, but total crop loss occurred from snow compaction in some years (Tahir et al., 2011) .
High biomass yield is the most important variable for biofuel crops. Biofuel conversion systems determine the desirability of high or low levels of fibers, minerals, or other chemical compounds. For direct combustion and gasification systems, low minerals concentrations are desirable in the biomass source, and lignin is beneficial because of its high energy density. For ethanol fermentation, hemicellulose and cellulose yield is the priority; lignin is undesirable because of its adverse affects on fermentation. The objective of this research was to determine the overall biofuel potential of a diverse collection of reed canarygrass germplasm from which new breeding germplasm could be developed.
MATERIAlS AND METHoDS

Plant Materials
Reed canarygrass germplasm was obtained from the USDA National Plant Germplasm System Plant Introduction repository in Pullman, WA. A total of 104 accessions were available for distribution when the experiment began; of those, 94 had sufficient germination to be included at both locations of the experiment (Arlington, WI, and Ames, IA). Of the 94 accessions, 27 were designated as cultivars in the Germplasm Resources Information Network (GRIN) system and 67 accessions represented wild or naturalized genetic material or had unknown provenance (Table  1) . Six additional cultivars (Bellevue, Palaton, PSC 1142, Rival, Vantage, and Venture) were included in the experiment at both locations and were included under United States or Canada in Table 1 based on their origin. An additional 20 populations were included only at Ames due to limited seed: five improved populations obtained from Finland; seven improved populations developed at Iowa State University; 'Fraser', a population collected near Fraser, IA (Boone Co.); the cultivar Flare; and six additional accessions from GRIN.
Experimental Design and Data Collection
Seeds were germinated in the greenhouse and transplanted to the field as 3-mo-old seedlings in June 1998 at Ames (42°01¢ N, 93°42¢ W) in a Nicollet loam (fine-loamy, mixed, mesic Aquic Hapludoll) and in July at Arlington (43°20¢ N, 89°23¢ W) in a Plano silt loam (fine-silty, mixed, mesic Typic Argiudoll). Each plot consisted of two 10-plant rows with plants and rows spaced 30 cm apart and plots spaced 1.2 m apart. The experiment was a randomized complete block design with two replicates at each location. Neither location was irrigated.
Nitrogen was applied at 112 kg N ha -1 in 1999 and 2000 split equally between early April and immediately after the first harvest, which was generally made when most plants were in late jointing or early heading growth stages. Plant height was measured immediately before harvest as the standing height of each plot at its highest point. Spring vigor was evaluated as a visual rating approximately corresponding to the height of most leaf tips above the ground (cm) on a single date after leaf emergence in the spring. The date of rating ranged between 7 and 21 d over the 2 yr and two locations and was dependent on spring growth conditions. Maturity was scored as a 1-to-9 visual rating of growth stage immediately before first harvest: 1 indicates vegetative, 3 indicates jointing, 5 indicates panicle emergence, 7 indicates anthesis, and 9 indicates postanthesis. Stand loss was measured as the percentage of plants within a plot (n = 20) that failed to survive the first winter following
Statistical Analyses
All 11 variables were analyzed by linear mixed models analysis using an entirely random effects model (Littel et al., 1996) . Variance components, estimated by restricted maximum likelihood, were used to construct variances of accession means and the percentage contribution of each variance component to those values using formulas for expected values of mean squares (Steel et al., 1997) . Data were analyzed twice using this model-once with maturity as a covariate and once without maturity as a covariate. Phenotypic correlation coefficients were computed among the 11 variables and between means from Ames and Arlington for each variable. A nested linear mixed models analysis was also conducted on least-squares means for 100 accessions of each variable, partitioning the variability for accessions into among and within geographic regions and also assuming all effects to be random. Accession means, averaged over locations, years, and harvests, were also used to construct a principal components analysis on the phenotypic correlation matrix among the 11 variables. The first two principal components were used to interpret multivariate relationships among accessions and regions. A separate linear mixed models analysis was conducted on all accessions evaluated at Ames to test hypotheses related to the agronomic performance of the Finnish and Iowa State University germplasm that had previously undergone intensive selection for increased biomass yield and also assuming all effects to be random. establishment. Spring vigor and maturity were measured once in 1999 and stand loss was measured once in 2000.
Plots were harvested twice in 1999 and in 2000 with first harvest in late May or early June and second harvest in October using a flail-type or sickle-bar harvester. A 300-g subsample consisting of randomly selected stems from several plants from each plot was taken before harvest and dried at 60°C for 4 to 7 d to adjust plot mass to a dry matter basis. Plot dry matter was converted to a perplant basis based on plant counts following each harvest. Dry matter from samples was used to conduct biofuel and forage analyses as previously described (Lemus et al., 2002) . For all analyses, sample values were estimated using near-infrared reflectance spectroscopy calibrated with wet chemistry. Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) fiber concentrations were determined using the ANCOM 200 Fiber Analyzer (ANKOM Technology Corp.). Crude protein (CP) was determined using the micro-Kjeldahl procedure and ash was determined by combustion of a 1-g sample in a muffle furnace at 550°C for 4 h. In vitro dry matter digestibility (IVDMD) was also assessed as described by Sleugh et al. (2000) . Coefficients of determination (R 
RESulTS AND DISCuSSIoN
Maturity was a significant covariate (P < 0.01) for all variables, except ash. However, with three exceptions, the maturity covariate accounted for less than 1% of the phenotypic variability. The three exceptions were plant height (9.7%), IVDMD (4.9%), and ADL (4.7%). All subsequent analyses were completed twice: once using maturity-adjusted means and once using unadjusted means for these variables. Effects on variance components, means for the geographic regions, and principal components analysis were minimal or impossible to detect. Therefore, unadjusted means were used in all further analyses. Three accessions (PI 206463 from Turkey, PI 329243 from Argentina, and PI 338666 from Morocco) suffered >95% stand loss at both locations, so most analyses were based on 97 accessions. Variation among accessions was significant for all traits except ash ( Table 2) . Genotypic variance was the largest contribution to the variance of accession means for all traits except IVDMD, NDF, and ash. All traits had some significant accession × environment interactions. Harvest date was generally the most important environmental factor that interacted with accessions with accession × harvest, accession × location × harvest, and accession × year × harvest as generally the largest interaction variances. Accession means for maturity ranged from 1.0 (completely vegetative) to 5.5 (late panicle emergence) at the time of first harvest, but all accessions were completely vegetative without reproductive growth for second harvest. The physiological variation in both quality and morphology, induced by genetic variation in flowering time, was likely the cause of significant changes in ranking of accessions between first and second harvests. Accession × year interactions were almost nonexistent except for plant height (Table 2) .
Plant biomass for the first harvest was positively correlated with height, spring vigor, and maturity stage (Table  3) as observed in switchgrass (Panicum virgatum L.) harvested as a biomass crop (Lemus et al., 2002) . Early spring growth and early flowering both seem to be key traits of accessions with high biomass yield for first harvest. For the first harvest, the phenotypic correlations of plant biomass with plant height, spring vigor, and maturity were all r > 0.64, largely due to the direct effect of genetic variation in flowering time expressed at the first harvest date. Plant biomass for second harvest was not correlated with spring vigor or maturity. Plant biomass at both harvests had a negative phenotypic correlation with stand loss, largely reflected in relatively low vigor of surviving plants for those few accessions that experienced high levels of stand loss. This effect was most pronounced for first harvest.
As expected, IVDMD and CP had negative phenotypic correlations with NDF, ADF, and ADL, effects that were more pronounced for first harvest than for second harvest most likely due to the genetic variation in reproductive maturity (Table 3) . Ash was not correlated with any other variable, perhaps due to the lack of significant genetic variation for ash concentration. Plant biomass was positively correlated with IVDMD and CP and negatively H  99  2  0  ---0  2  5  5  3  2  error  594  12  6  ---7  7  9  11  9 28 † G, genotype (accession or cultivar); L, location; Y, year; H, harvest; and R, replicate. ‡ Degrees of freedom based on 100 accessions for plant biomass, plant height, stand loss, spring vigor, and maturity with 97 accessions for biomass quality traits due to severe stand losses. § Stand loss is the percentage of plants within a plot (n = 20) that failed to survive the first winter following establishment. Spring vigor is a visual rating approximately corresponding to the height of most leaf tips above the ground (cm) on a single date between 7 and 21 d after emergence. Maturity is a 1-to-9 visual rating of reproductive growth stage immediately before first harvest: 1 indicates vegetative, 3 indicates jointing, 5 indicates panicle emergence, 7 indicates anthesis, and 9 indicates postanthesis. ¶ iVDMD, in vitro dry matter digestibility; nDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; cP, crude protein.
#
All percentage values >2 are significantly different from zero, based on 95% confidence limits, with the exception of Ash, for which the 95% critical value is >15. correlated with NDF, ADF, and ADL at first harvest. These correlations were inconsistent for second harvest, reaffirming the strong influence of reproductive maturity in regulating physiological responses through these plants.
Despite these observed relationships, most of the phenotypic correlations between plant biomass and quality were sufficiently small that multitrait selection and breeding to create dedicated cultivars for biomass feedstock production is a realistic goal. Both high spring vigor and early flowering were highly predictive of high firstharvest biomass yield. Although these two traits are not specifically correlated with second-harvest biomass yield, first-harvest and second-harvest biomass yields have a strong positive phenotypic correlation (r = 0.62), suggesting that first-and second-harvest yield, spring vigor, and early flowering can be easily moved in the same direction to improve biomass yield of both harvests in a two-harvest management system.
Relatively high concentrations of fiber and lignin would be desirable feedstock traits in a thermochemical conversion system (Casler et al., 2009b) . The phenotypic correlations at first harvest suggested that fiber and lignin would easily accompany genetic modification toward higher biomass yields. The inconsistent and lower phenotypic correlations for second harvest suggest that directed selection pressure on increasing fiber and/or lignin in second harvest must be stronger and more intense to avoid indirect changes that are undesirable. Conversely, in a fermentation conversion system, IVDMD is a good predictor of conversion efficiency (Dien et al., 2009; Sarath et al., 2011) , and its negative correlation with biomass yield for first harvest will present some difficulties in simultaneously improving both traits. Finally, the negative phenotypic correlation between plant biomass and CP for both harvests indicates that high yielding accessions of reed canarygrass are likely more N-use efficient (more biomass per unit of N applied). These accessions are better able to produce biomass without requiring high N levels in their tissues at the time of harvest, potentially reducing the total N required to produce a given amount of biomass and possibly leading to some N recycling into roots both as plants reproductively mature in the spring and at the end of the growing season (Tahir et al., 2011) .
A considerable portion of variation among accessions was attributable to the nine geographic regions (Table 4) . Ash was the only variable for which regional variation was not significant. Regional variation ranged from 18 to 46% of the accession sum of squares for the field variables and from 16 to 61% for the quality variables excluding ash. The expected value, if variation among accessions were completely random with respect to regions, was 9/99 or 10%. High biomass accessions tended to originate more frequently from Europe and North America than from the other regions, with central and southern Europe having the highest mean plant biomass. Survivorship was high for accessions from all regions except the western Mediterranean and the Southern Hemisphere. The accessions with the highest digestibility originated from the western Mediterranean and the Southern Hemisphere while the accessions with the highest fiber and lignin originated from southern Asia.
Regional differentiation among accessions can be more easily observed in the principal components that summarize the variability among accessions for all traits together (Fig. 1) . Two distinct groups were evident in the plot of the first two principal components, which accounted for 67.6% of the variability among accessions. A European and an Asian cluster accounted for most of the structure observed among reed canarygrass accessions. A total of 54 of 69 accessions (78%) fell exclusively within one of these two groups (34 of 45 or 76% for Europe and 20 of 24 or 83% for Asia). Eight of the 15 remaining European or Table 3 . Phenotypic correlation coefficients among 11 variables measured on 97 reed canarygrass accessions evaluated at Ames, IA, and Arlington, WI, in 1999 and 2000. Values above the diagonal are based on first harvest measurements for plant biomass, plant height, and quality traits; values below the diagonal based on second harvest measurements for plant biomass, plant height, and quality traits. *Mean square for geographic regions was significant at P < 0.05. **Mean square for geographic regions was significant at P < 0.01. † ASiA-n, northern Asia; ASiA-S, southern Asia; eU-c, central europe; eU-e, eastern europe; eU-n, northern europe; eU-S, southern europe; MeD-W, western Mediterranean; nA, north America; S-HeM, southern hemisphere. ‡ Three accessions were not represented in the biomass quality trait means due to severe stand losses. § Stand loss is the percentage of plants within a plot (n = 20) that failed to survive the first winter following establishment. Spring vigor is a visual rating approximately corresponding to the height of most leaf tips above the ground (cm), on a single date between 7 and 21 d after emergence. Maturity is a 1-to-9 visual rating of reproductive growth stage immediately before first harvest: 1 indicates vegetative, 3 indicates jointing, 5 indicates panicle emergence, 7 indicates anthesis, and 9 indicates postanthesis. ¶ iVDMD, in vitro dry matter digestibility; nDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; cP, crude protein.
# Values within columns followed by different letters are significantly different at the 5% probability level. † † Percentage of the genotype (accession or cultivar) sum of squares attributable to the nine regions.
Asian accessions, those that overlapped between European and Asian groups, were collected in the former USSR, largely from locations that could be considered transitional between Europe and Asia. Larger values of both principal components were associated with high plant biomass, high spring vigor and survivorship, tall plants, and early flowering. The first two principal components differed largely in their associations with quality traits: high fiber and low digestibility for the first component (x axis) and low fiber and high digestibility for the second component (y axis). In general, European germplasm would provide a better starting point in breeding reed canarygrass in the northern United States for a fermentation conversion system (Casler et al., 2009b) . Both European and Asian germplasm appear to have value for a thermochemical conversion system that favors high levels of cellulose and lignin. The relative value of European vs. Asian germplasm will depend on the relative economic value of biomass yield vs. biomass quality. Most economic models suggest that biomass yield is the most important plant trait limiting the economic production of biomass from perennial grasses (McLaughlin and Kzsos, 2005; Perrin et al., 2008) . The North American germplasm group represented a cross section of the entire range of variability within this collection (Fig. 1) . This group of germplasm consists of cultivars, populations bred for forage production, and wild collections. The large amount of variability among North American accessions likely reflects their multiple introductions from Europe to North America, primarily in the late 1800s (Piper, 1924; Schoth, 1929) . Reed canarygrass was introduced many times, from many different parts of Europe, rapidly spreading around North America following development of a fledgling seed industry (Piper, 1924; Wilkins and Hughes, 1932) . Multiple introductions from different parts of Europe prevented North American reed canarygrass populations from experiencing genetic bottlenecks, maintaining large amounts of genetic variation across a broad landscape (Casler et al., 2009a (Casler et al., , 2009c . Table 1 . Three accessions were missing due to severe stand loss. Regions were defined as ASiA-n, northern Asia; ASiA-S, southern Asia; eU-c, central europe; eU-e, eastern europe; eU-n, northern europe; eU-S, southern europe; MeD-W, western Mediterranean; nA, north America; S-HeM, southern hemisphere. Prin, principal.
Intensive interest in cultivating reed canarygrass as a forage crop led to selection among accessions, with the seed industry preferentially propagating those accessions that continually and consistently led to satisfied clients (Piper, 1924) . Recent research has shown that this was a very haphazard process not necessarily leading to improved populations with superior vigor or productivity ( Jakubowski et al., 2011) . Nearly all "wild" collections and breeding populations of reed canarygrass in North America are derived from these European introductions (Casler et al., 2009c; Jakubowski et al., 2011) . The observed phenotypic diversity of the North American accessions, spanning the full range of Eurasian phenotypic variation (Fig.  1) , suggests the bottlenecks associated with introduction of reed canarygrass to North America have not significantly reduced the genetic variability within and among European-derived North American reed canarygrass accessions. This observation is supported by previous phenotypic and DNA-marker analyses (Casler et al., 2009a (Casler et al., , 2009c Jakubowski et al., 2011) .
Breeding reed canarygrass as a dedicated biofuel crop represents a completely new paradigm for breeding this species. Breeding must be conducted at locations that are representative of the regions where this species may be used for biomass production. Despite many years of intensive breeding new cultivars for dedicated biomass production in Finland (Sahramaa, 2003) , Finnish breeding populations were consistently on the low end of the productivity distribution at Ames, IA (Fig. 2) . Their relatively low biomass yield in Iowa is probably a result of two factors: lack of similarity in environmental conditions between Finland and Iowa (for example, southern Finland is 15° latitude farther north than northern Iowa) and inconsistent relationship in performance between the one-harvest Finnish system and the two-harvest system we used in this study. The Finnish one-harvest system, with biomass harvested after winter dry-down, results in a 70 to 75% reduction in biomass yield compared to the spring plus autumn system we used (Tahir et al., 2011) . Its principal advantage is a significant loss of minerals and ash that cause fouling of boilers in co-fired power plants (Burvall, 1997 , Christian et al., 2006 Landström et al., 1996; Tahir et al., 2011) .
Focused and dedicated breeding of reed canarygrass to increase biomass yield potential requires an intelligent decision about the management system that will eventually be used to produce biomass feedstocks. As an example of this, many years of breeding reed canarygrass (~1950 to 2005) resulted in numerous improved populations with superior forage yield under pasture or hay management systems. Most of these materials have alkaloid profiles favorable to grazing livestock-low gramine concentration and absence of tryptamines and b-carbolines (Casler, 2010) . Those populations are not superior under the two-harvest biomass production system, either in our study (Fig. 2 ) or in a previous study (Casler et al., 2009a) , generally displaying average or below-average biomass yields. Conversely, populations with the highest biomass yield are those selected with "wild-type" alkaloid profiles including numerous wild collections from North America (Casler et al., 2009a ) and the old wild-type cultivar Rise (Fig. 2) . The yield performance of 'PSC-1142' suggests that biomass yield can be improved in tryptamine-free germplasm, but the yield potential is still significantly lower than for the wild-type (Fig. 2) . The most rapid gains and largest impacts of reed canarygrass in a biomass production system will originate from breeding programs that use truly wild germplasm, ignoring the low-alkaloid germplasm that has been used to develop high-value cultivars for the livestock industry (Casler, 2010) .
CoNCluSIoNS
Reed canarygrass is a promising source of biomass for cellulosic ethanol and other alternative energy sources. To create valuable biomass, breeders will need to increase biomass yields while maintaining high hemicellulose and cellulose content (for fermentation) or high lignocellulose for gasification or co-firing. Until now, reed canarygrass breeding has focused exclusively on forage traits. The results in this study show that breeding reed canarygrass for biomass traits would likely be a worthy effort and that germplasm other than the low-alkaloid germplasm developed for forage production is likely to be useful in this effort. This study identified useful germplasm from specific regions around the globe, some of which should be of value to breeding reed canarygrass in the central United States. Overall, European and North American germplasm performed better than germplasm from Asia, the Mediterranean, or South America, suggesting that direct breeding efforts should likely begin with germplasm from those regions. Data will be deposited in GRIN. 
